Abstract-Wireless power transfer (WPT) technology as a convenient and reliable charging method, its electromagnetic field (EMF) radiation, and its compliance with human electromagnetic exposure limits have recently been studied. Different from the current research, which validates the EMF radiation level of a predesigned WPT system, this paper presents the loosely coupled transformer design method to minimize the EMF in the concerned area. The energy storage in the primary and secondary coils is studied for all popular compensation topologies in recently reported research. The coil of the loosely coupled transformer is designed with the S-S compensation topology as an example. The EMF radiation level is optimized to below the International Commission on Non-Ionizing Radiation Protection guideline in the concerned area. A 3.3-kW WPT system for electric vehicle wireless charging with an LCC-LCC compensation topology is designed with detailed process and experiment results, verifying that the EMF radiation is controlled as designed. The numerical analysis of human exposure is performed with the finite-element method, and the results show compliance as expected.
I. INTRODUCTION

W
IRELESS power transfer (WPT) technology is at the forefront of already available or soon to be large-scale commercialization. However, the adverse health effects due to the electromagnetic field (EMF), which is the medium by which a WPT system transfers power, has increasingly caused concern. The electromagnetic environment created by a WPT system has also been studied to allow the surrounding devices to operate normally.
WPT systems operate in a frequency range from power frequency (50-60 Hz) to tens of megahertz, according to different applications and power levels [1] - [3] . To address the human exposure issue, according to the International Commission on Non-Ionizing Radiation Protection (ICNIRP) guidelines, 100 kHz is the boundary above which one must consider the human tissue specific absorption rate (SAR), i.e., for WPT systems operating at frequencies higher than 100 kHz, effects such as tissue heating need to be considered [4] . Both the ICNIRP guidelines and the standards published by the Institute of Elec-trical and Electronics Engineers (IEEE C95. [5] have set the EMF limitation levels related to frequency band. The ICNIRP guidelines, which are used in this paper as a design constriction, have a stricter EMF limit than the standard from IEEE [6] . The EMI to implanted medical devices and the potential for tissue heating caused by induced current in implanted devices are not included in either of the two guidelines.
The numerical human modeling and approximation approaches are currently understudied. Numerical simulation methods, such as finite element analysis (FEA) and finitedifference time-difference, have been developed for the study of induced electric field inside the human body (< 100 kHz) and SAR (> 100 kHz) [6] , [7] . Since humans can be in many positions during exposure, it is impractical and time consuming to show compliance in all possible postures with all anatomical structures (male versus female, adult versus child). Therefore, the homogeneous tissue phantom represents that the anatomical human body is developed and simulated [8] , [9] .
The other main focus of current WPT radiation research is to evaluate the radiation level of a predesigned WPT system, which may operate at various frequency ranges and be used for different applications. Incident field validation of a predesigned WPT coils for EV charging (2 kW) to meet the reference level of the ICNIRP guideline at a certain distance (170 mm) is reported in [10] . The induced electric field in human tissue is simulated and verified for a 3-kW EV wireless charger with metallic shielding to replace the chassis [6] . The SAR in the human body generated by a magnetic resonant WPT system operating above 10 MHz is studied in [9] and [11] . The transformer coils in the studies are all of fixed structure (including number of turns and sizes) and power level.
The objective of most of the current research is to validate a predesigned WPT system by using the radiation safety guidelines. In this paper, we focus on the source of the electromagnetic field, i.e., the number of turns of the transformer coil and the currents passing through. The relationship between the EMF radiation level and the circuit quality factor is established. The circuit parameters are designed to have the lowest EMF in the concerned area while maintaining the other circuit specifications, including coupling coefficient, delivered power, output/ input, etc., and constant.
II. ENERGY STORAGE OF COILS
The energy storage of the primary and secondary coils is calculated in this section. The energy storage of a coil is regarded as the source of its EMF radiation; hence, the radiation level is in proportion to the energy stored in the coil. The loosely coupled transformer of a WPT system is usually compensated to achieve sufficient power transfer capability and a lower VA rating [12] - [14] . Compensation topologies, including four basic topologies (S-S, S-P, P-S, and P-P) and a combination of basic series and parallel topologies, i.e., LCC-S and LCC-P, are proposed to achieve different purposes, such as load-independent voltage/current output and constant current in the primary coil (track) [15] .
In the four basic topologies, for a series-compensated primary coil, an ac voltage source is required, which is an equivalent voltage readily generated from a pulsewidth-modulated dc voltage source using either a simple full-or half-bridge switching circuit. For a parallel-compensated primary coil, an equivalent ac current source is required to satisfy the resonant condition in primary [13] . Due to the difficulty of energy storage in the form of a simple current source, extra components will be needed to transfer energy on demand from a voltage source, incurring extra loss. Therefore, only series resonant primary compensation will be analyzed in this paper. In the subsequent analysis, a frequency-domain equivalent circuit is adopted, and only the fundamental component is considered here for simplicity. The fundamental component approximation is sufficiently accurate for a high-quality-factor resonant circuit that works near resonance, where the tank-inductor-current and tank-capacitorvoltage waveforms are sinusoidal. Power storage equations are deduced based on different compensation topologies.
A. Energy Storage of S-S Compensation Topologies
The S-S topology shown in Fig. 1(a) is considered to be the optimal of the four basic topologies, since the compensation is unaffected by variation of load or mutual inductance [12] . Trans-
where L P and L S are the self-inductances in the primary and secondary, and M is the mutual inductance. C P and C S are the primary and secondary external compensation capacitors, for enhancing energy transfer from an ac source v in to an output loading resistance R L . All the inductances and capacitances should have equivalent series resistances with them; however, as the resistances have little impact on the energy storage of the coils, they are assumed as zero here for simplicity. The ac source is generally considered to be the fundamental of a square wave generated by a switching circuit operating at an angular frequency ω. The S-S topology is usually compensated at operating frequency
to have load-independent current output [14] . The transconductance ratio is expressed as
where I out and V in are the root mean square (RMS) values of output current i out and input voltage v in , respectively.
Substituting (1) into (2), the transconductance ratio is
With the lossless model,
Therefore, the input current can be expressed as
For the S-S compensation, the source of EMF radiation, i.e., the electric energy stored in the secondary coil P sec , is
and the electric energy stored in the primary coil P pri is
where
is the circuit quality factor, and P out is the output power. The primary and secondary currents have a phase angle θ of 90 degrees to maximize transfer capability [16] . The product of P pri and P sec is
Therefore, the product of the storage electric energy in the primary and secondary coils is only related to the output power of the WPT converter and the coupling coefficient between the transmitting and receiving coils.
B. Energy Storage of S-P Compensation Topologies
Based on the analysis result of [13] , the S-P compensation topology shown in Fig. 1(b) is compensated at the frequency
to have load-independent voltage output and a zero input phase angle simultaneously. The voltage transfer ratio of an S-P compensated topology is given without derivation, i.e.,
where Z S is the secondary impedance that includes R L . Thus
Substituting (8) into (9), the voltage transfer ratio can be expressed as
The currents going through the primary and secondary coils, respectively, are
Therefore, for the S-P compensation, the energy stored in the primary and secondary coils is
the energy storage of the S-S and S-P compensations can be determined using the same expression.
C. Energy Storage of LCC-LCC Compensation Topologies
The LCC-LCC compensation topology shown in Fig. 1 (c) is proposed in [17] to have load-independent current output and high efficiency for electric vehicle (EV) battery charging. L RP and C RP in Fig. 1 (c) are designed to be resonant at the operating frequency to have constant current in the primary coil. Meanwhile, in the secondary resonant tank, L S is compensated by C S and C RS connected in series; therefore, the output current is load independent.
In the secondary loop, we have
since the secondary resonant tank is designed to have
Substituting (15) into (14), the current in the primary coil and its stored energy are
The impedance of the secondary loop can be expressed as
The current of the secondary coil and its stored energy are calculated as
The value of L RS does not influence the output current; therefore, if L RS is selected to be resonant with C RS , the stored maximum electric energy in the primary coil can be simplified to
The secondary impedance can be simplified to
Therefore, the circuit quality factor of an LCC-LCC compensated circuit is
Therefore, the electric energy storage of the coils can be rewritten as
which are the same expressions used for an S-S compensated circuit. Similar analysis is conducted for LCC-S and LCC-P compensations [18] . The derivation process is omitted here for brevity. All the results are listed and compared in Table I . L R and C R in Table I are the resonant components in the primary side of the LCC-S and LCC-P topologies. From Table I , the secondary radiation source is related to the output power and circuit quality factor. A higher quality factor leads to higher EMF radiation generated by the secondary coil, while the primary radiation source is additionally related to the coupling coefficient of the loosely coupled transformer. Lower coupling increases the EMF radiation only from the primary coil, and a higher quality factor can lower this primary radiation. If Q L 1, all the compensation topologies will have the same expression of radiation sources, and the product of primary and secondary maximum storage energy will be P 2 out /k 2 . Therefore, a WPT system with a fixed power level and coupling coefficient, the product of primary and secondary radiation levels is fixed. However, the radiation-sensitive or concerned areas may be located closer to the primary coil or the secondary coil. The radiation level at the concerned areas can be optimized by designing the electric energy storage in the primary and secondary coils while keeping their product constant. From the aforementioned analysis and Table I , Q L , which is related with the coil inductance and decides the energy stored in both sides, is the parameter that can adjust the radiation level in the concerned area. In the following section, the magnetic field in the concerned areas is designed by changing the value of Q L .
Based on the definition of Q L , its value can be adjusted by loading resistance R L , operating frequency ω, and selfinductance of the secondary coil L S . For an application such as EV wireless charging, the operating frequency is standardized by SAE at 85 kHz [19] , and the equivalent loading resistance is fixed by the output power and the characteristics of the battery pack. Therefore, the secondary coil's self-inductance L S is adjusted in the design to have lower EMF radiation in the concerned areas.
Note that the energy storage calculation and analysis is conducted in this paper only when the output type is satisfied. Other output types, such as a constant voltage achieved by the S-S compensation topology [20] , are not discussed in this paper.
III. ENERGY STORAGE ADJUSTMENT TO LOWER ELECTROMAGNETIC FIELD
Here, the S-S compensation topology is selected to demonstrate the EMF adjustment by coil design. Other topologies that have similar expressions and processes are omitted in this paper.
Based on the analysis in Section II, changing the value of L S will adjust the EMF generated by the coils; however, L S is also related to the mutual inductance. From (3), to keep the output current as well as the output power constant, the mutual inductance should remain unchanged.
According to the study in [22] , the coupling coefficient is decided only by the structure and sizes of the coils. The number of turns has little influence on k if the coils' sizes are fixed. The mutual inductance can be expressed as
where L P _1 and L S_1 are the equivalent primary and secondary inductances of one turn, which is related to the shape and sizes of the coils. To keep M constant, N P and N S should be simultaneously adjusted to keep their product constant. Simulation is conducted with FEA software Maxwell from ANSYS, Inc. Circular primary and secondary coils with diameters 600 and 300 mm, respectively, are adapted. The air gap is fixed at 150 mm. The sizes of the primary and secondary coil pads are usually not the same and depend on the needs of different applications. For EV wireless charging, the size of the receiving pad is expected to be small to reduce the volume and weight on the vehicle side, whereas the power transmission pad has no strict size limitations and, thus, can be designed to achieve the maximum coupling coefficient. Here, magnetic material is not considered for the simplicity of magnetic field calculation. Adding ferrite will reshape the magnetic field, making the initial field different from that without ferrite. However, adjusting the number of turns will not change the shape of the magnetic field of a loosely coupled transformer with or without ferrite. Therefore, transformers with magnetic material and metallic shielding shares the same theory proposed in this paper.
Simulation model 1 in Fig. 2(a) is a simplified model with N P = 1, N S = 1. Model 1 is simulated to have the equivalent primary and secondary inductances L P _1 and L S_1 of one turn. Simulation model 2 in Fig. 2(b) has N P = 24, N S = 12, and model 3 in Fig. 2(c) has N P = 18, N S = 16. Models 2 and 3 have the same N P • N S . In practice, to get the same coil width with different numbers of turns requires that the width of the wire used in models 2 and 3 be different. To carry the same current, the primary coil in model 3 should be thinner and wider in structure than that of model 2. The simulated results of the inductance parameters are listed in Table II . 
TABLE II SIMULATED INDUCTANCE PARAMETERS OF VARIOUS TURNS
In Table II , the values in brackets are the product of the number of turns used in a given model and the equivalent inductance of one turn gained from model 1. The calculated values in brackets match the simulated values, which proves that the simplified model with one turn is accurate enough for the following design.
The simulation results show that by using a fixed structure and a constant N P • N S , the mutual inductance and coupling coefficient of the loosely coupled transformer can be constant, even with different N P and N S values [21] . According to (3), the transformers of models 2 and 3 have the same transconduc- (5) and (6), the energy storage in their coils is different. Model 2 has more energy stored in the primary side, the result of which is that the EMF strength adjacent to the primary coil of model 2 is stronger than that of model 3.
To verify the EMF levels of models 2 and 3, a simplified wireless charging system based on Fig. 1(a) is designed with the parameters in Table II . A 2-kW system is developed for models 2 and 3. The designed circuit parameters are shown in Table III . All the currents and voltages are of RMS values.
The magnetic fields of models 2 and 3 are simulated and calculated along three lines, as shown in Fig. 3 . The arrows on the test lines indicate the test direction. The magnetic field calculation of circular coils can be found in the Appendix.
The simulation and calculation results are compared along the three test lines, as Fig. 4 shows. Simulation results match well with calculations, except in the areas adjacent to the coils. This discrepancy is due to the thickness of the coil being regarded as 0 in the calculations. In Fig. 4(a) , for model 2 (blue lines), since it has a greater number of turns in the primary coil, its magnetic field strength at the distance of 75 mm along line 1 is much stronger than that of model 3 (red lines), although they have the same output current and power level. In contrast, at the distance of 225 mm along line 1, model 3 has a stronger magnetic field, since it has more turns in the secondary coil. For this transformer structure, in which the primary coil pad is larger in size than the secondary, the primary coil has more impact on magnetic field than the secondary coil does along lines 2 and 3. In Fig. 4(b) and (c), model 3 has a lower magnetic field strength along lines 2 and 3 because it has fewer turns in the primary coil.
Designs with different numbers of turns in the primary and secondary coils will achieve different magnetic field strengths in different areas, whereas the input and output remain the same. The design of adjusting the number of turns is also applicable to compensation topologies other than S-S. This theory is generally applicable to all WPT applications with one sending coil and one receiving coil. LCC-LCC compensation topology is selected to have constant current output and is suitable to charge an EV battery pack. The circuit diagram is shown in Fig. 7(a) in Section V, and the system specifications can be found in Table IV. The loosely coupled transformer is designed to be a circular unipolar topology with the secondary coil having an external diameter of 300 mm. The sizes, determined according to what is optimal to have the highest coupling, are displayed in Fig. 5 . In this design, the loosely coupled transformer has ferrite bars (16 mm in thickness) in both the primary and secondary to enhance the coupling coefficient. In addition, metallic shielding (aluminum, 3 mm in thickness) that is of the same diameter as the coils is added in both primary and secondary. The shielding can lower the EMF radiation and eddy current induced in the vehicle chassis and the rebar underground.
FEA simulation is first conducted to get the coupling coefficient of the designed loosely coupled transformer. The k value is only related to the sizes of the transformer; therefore, it can be simulated and achieved without accurate excitation current information. The simulation result of k is 0.182, and the inductances of one turn are 0.505 μH and 0.404 μH for the primary and secondary coils, respectively.
Based on the analysis of the LCC-LCC compensation topology in Section II, the expression of L P • L S and the primary and secondary currents I P and I S can be deduced as
(26)
Therefore, the compensation inductances L RP and L RS should be selected according to the output/input before the coil turn design. The values of L RP and L RS will not influence the EMF radiation, since the product of the equations in (26)-(28) is constant. We select L RP = 60 μH and L RP = 48 μH, which have appropriate inductor sizes. Hence, the product of L P and L S is 5.31 × 10 −8 , and the product of N P and N S is calculated to be approximately equal to 511. The circuit parameter values are listed in Table V. A WPT system with a magnetic field lower than 27 μT (reference level from the ICNIRP guidelines at 85 kHz [4] ) at the distance of 600 mm along line 2 (point A) in Fig. 3 is desired. This distance guarantees that the radiation level is safe for the general public at the distance of 300 mm from the edge of the sending pad. In addition, at the distance of 900 mm (600 mm from the edge of the sending pad, point B) along line 2, we set the limitation of 6.25 μT of magnetic field [10] . This is the distance from the door of a vehicle to the center of the coils.
The magnetic field strength is simulated at points A and B versus N P values. N S changes at the same time to maintain constant L P • L S . The simulation result shown in Fig. 6 illustrates that the number of turns of the primary coil has a more significant impact on the magnetic field at the two concerned points, since the concerned points are closer to the edge of the primary coil. However, if N P becomes less than 16, N S will be more than 32, causing the magnetic field strength to rise due to the larger energy storage in the secondary coil.
According to Fig. 6 , the primary turns of number 16 can have lowest magnetic strength; however, the large number of secondary turns makes the coil hard to fit into the small size of the receiving pad. To compromise the EMF limitations and volume requirements for the number of turns, we select N P = 32. 
V. EXPERIMENT VALIDATION
A WPT system with an LCC-LCC compensation topology and a full-bridge inverter is built to verify the analysis as Fig. 7 shows. The circuit parameters in the experiment are listed in comparison with those of the simulation in Table V . To realize the 32 turns of the wire to fit into the 600-mm primary coil pad, we use two wires connected in parallel as one turn.
The ICNIRP guideline is introduced before showing the measurement results. Two radiation levels are regulated by the ICNIRP guidelines for limiting exposure to time-varying electric and magnetic fields (1 Hz-100 kHz). The basic restriction is that the induced electric field inside a human body cannot exceed 11.475 V/m for the general public at 85 kHz. Since this internal electric field is difficult to access, for practical exposure assessment purposes, reference levels of exposure are provided, i.e., the incident field we adapted in Section IV. Compliance with the reference level will ensure compliance with the relevant basic restrictions. If the measured or calculated value exceeds the reference level, it does not necessarily follow that the basic restriction will be exceeded.
Whenever the reference level is exceeded, it is required to test compliance with the relevant basic restriction. Therefore, the EMF test process can be illustrated as in Fig. 8 . Electromagnetic field is measured with an electric and magnetic field probe EHP-200A (frequency ranges from 9 kHz up to 30 MHz) along line 2 from 350 to 1000 mm. The magnetic field and electric field measurement results are shown in Fig. 9 . The magnetic field measurement shows consistency with the simulation by Maxwell. The magnetic field and electric field limitation level at 85 kHz is labeled as the dotted line in Fig. 9 [4], [10] .
To verify the induced electric field in human tissue, a heterogeneous anatomical human model provided by DENSO International America, Inc. is used for the numerical simulations in this paper. The model distinguishes approximately 130 tissues and organs. The dielectric tissue parameters are taken from the IT'IS tissue database [23] , which is largely based on measurements from Gabriel [24] . The vehicle is also modeled (in Fig. 10 ) with its body of prefect E boundary, due to the metallic material's shielding effect on electromagnetic field. The car's windows and all objects inside the vehicle that are not metal and are far from the radiation source are neglected.
The worst case with the highest level of radiation (based on the average in the chest and heart area) is where a person is lying down on his left side, facing the vehicle and the radiation source, as shown in Fig. 10 . In this position, the distance between the person's chest and the center of the loosely coupled transformer is the closest (908 mm).
The simulation result of the worst position is shown in Fig. 11 . The maximum electric field value appears at the left armpit, which has the shape edge of the simulated human model. However, the worst induced electric field (2.83 V/m) is well below the ICNIRP basic restriction (11.475 V/m at 85 kHz).
VI. CONCLUSION
This paper has provided an optimization method for the loosely coupled transformer coils to have desirable EMF radiation levels in the concerned area. In this paper, all popular compensation topologies were analyzed, proving that the energy storage is not related to the compensation topology but only decided by the transferred power level and coupling coefficient. The relationship between the circuit quality factor and EMF radiation is revealed, which is one important foundation to select the number of turns. The proposed coil design method completes the WPT system design in the aspect of radiation level. The method is applicable to all WPT applications with one sending coil and one receiving coil. A 3.3-kW EV wireless charging system with an LCC-LCC compensation topology is designed to regulate the ICNIRP reference level at a distance of 600 mm from the center of the transformer. Analysis is validated with experiment results. Induced electric field inside the human body is simulated, and the result shows compliance with the ICNIRP basic restriction.
APPENDIX
The total magnetic field is calculated by the superposition of the primary and secondary. The magnetic field at point P (x, y, z) that is generated by the coil pad in Fig. 12 is calculated by the following equation: where R(N ) is the radius of the nth turn. R(N ) is expressed as
The x-component of B must vanish due to the contribution at γ being cancelled by the contribution at π − γ.
